Abstract-Multiple-input multiple-output (MIMO) spatial multiplexing is known to increase the transmission rate without bandwidth expansion. However, in cellular networks (CNs), the transmission rate of a user close to the cell edge significantly degrades because the received signal-to-interference plus noise power ratio (SINR) degrades due to the presence of strong cochannel interference (CCI) from neighboring cells. Distributed antenna network (DAN), in which many antennas are spatially distributed over the cell, is suitable for MIMO spatial multiplexing because the received SINR improves over the entire cell. In this paper, assuming block transmission with cyclic prefix (CP) insertion, we theoretically derive an expression for the downlink spectral efficiency of DAN-MIMO spatial multiplexing in a multi-cell environment. Then, we propose the optimal and suboptimal transmit power allocation schemes for DAN-MIMO spatial multiplexing. We evaluate the spectral efficiency distribution by Monte Carlo numerical computation method to show that DAN allows single frequency reuse and achieves higher spectral efficiency compared to CN.
INTRODUCTION
In the next generation mobile communication systems, broadband services are demanded. However, the available bandwidth is limited. Multiple-input multiple-output (MIMO) spatial multiplexing [1] is a powerful technique used to increase the transmission rate without bandwidth expansion.
The broadband wireless channel is characterized by path loss, shadowing loss, and frequency-selective fading [2] . In conventional cellular networks (CNs), multiple antennas for spatial multiplexing are co-located at each base station (BS). Therefore, the received signal power near the cell edge often drops. In addition, the same frequency is reused in spatially separated cells to efficiently utilize the limited frequency bandwidth. Therefore, the receiver suffers from co-channel interference (CCI) from neighboring cells [2] . As a result, the received signal-to-interference plus noise power ratio (SINR) near the cell edge significantly drops, and the transmission rate significantly degrades even if MIMO spatial multiplexing is used in CNs. The distance between two co-channel cells has to be increased to improve the received SINR. However, this reduces the bandwidth allocated to each cell for the given system bandwidth (lower spectral efficiency).
Distributed antenna network (DAN) [3] - [5] can improve the spectral efficiency by using MIMO spatial multiplexing. In DAN, a number of antennas are spatially distributed in each cell and connected by optical fiber cables to the signal processing center (SPC) which replaces the BS. A mobile terminal (MT) has a high probability to achieve high received SINR even near the cell edge by accessing nearby antennas.
In [6] , the downlink channel capacity distribution of DAN-MIMO spatial multiplexing with single frequency reuse was investigated. However, the impact of the frequency reuse factor to the channel capacity was not discussed. In addition, a frequency-nonselective fading channel was assumed in [6] . In broadband wireless communications, the channel becomes frequency-selective due to the presence of many propagation paths with different time delays.
Block transmissions with CP insertion, such as orthogonal frequency division multiplexing (OFDM) transmission [7] and single-carrier transmission using frequency-domain equalization (SC-FDE) [8] , are known as promising broadband data transmission techniques. In this paper, we consider a block transmission with CP insertion and derive a downlink spectral efficiency expression of broadband DAN-MIMO spatial multiplexing and the optimal power allocation (PA) which maximizes the spectral efficiency. The optimal PA requires perfect knowledge of the PA in the neighboring cells and needs to use an iterative method. Therefore, we propose 2 suboptimal PA schemes which do not need iteration; the first one requires partial knowledge of the PA in the neighboring cells and the second one requires no knowledge of PA at all. We evaluate the spectral efficiency distribution by Monte Carlo numerical computation method and discuss the impact of the frequency reuse factor on the spectral efficiency. It is shown that DAN allows the single frequency reuse and achieves higher spectral efficiency than CN. It is also shown that one of the proposed suboptimal PA scheme achieves almost the same spectral efficiency as the optimal PA scheme.
The remainder of this paper is organized as follows. In Section II, we show the downlink transmission models of DAN and CN. In Section III, we theoretically derive an expression for downlink spectral efficiency of broadband DAN-MIMO spatial multiplexing for a block transmission with CP insertion and give the optimal and suboptimal PA schemes. In Section IV, we evaluate the spectral efficiency distribution by Monte Carlo numerical computation method. Section V offers some conclusions. Fig. 1 illustrates an example of a CCI model with the frequency reuse factor F=3. The center cell (i=0) is assumed to be the cell of interest. There are 6 CCI cells in the first tier and 12 CCI cells in the second tier (i=1~18). Fig. 2 illustrates the hexagonal cell layout. DAN is assumed to have 7 distributed antennas while CN has 7 antennas co-located at each BS. A single MT having N r receive antennas is assumed to exist in each cell. In DAN, distributed antennas are equidistantly distributed along a circle of radius 2R/3, where R represents the cell radius. On the other hand, in CN, 7 antennas are co-located at the center of cell. Both in DAN and CN, N t ( 7 ≤ ) transmit antennas are selected from 7 antennas for the downlink MIMO transmission. The antenna selection method is discussed in Section II-B.
II. TRANSMISSION MODEL
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B. Channel model
The broadband channel is characterized by distancedependent path loss, log-normally distributed shadowing loss and frequency-selective fading. The average signal power P r,n received at MT for the signal transmitted from the nth (n=0~6) transmit antenna can be modeled as [2] 10 η α , , 10 n n n t n r
where P t,n is the transmit power from the nth transmit antenna, R n is the distance between the nth transmit antenna and MT, α is the path loss exponent, and η n is the shadowing loss in dB having zero-mean and standard deviation σ S . By introducing the normalized distance r n =R n /R and the normalized transmit power Assuming a frequency-selective channel composed of L distinct paths, the channel impulse response h m,n (τ) between the nth transmit antenna and the mth MT antenna is expressed as In this paper, we assume a symbol-spaced time delay (i.e., l
is the delta function. Antenna selection is an important issue. In this paper, the transmit antennas are selected based on the instantaneous received signal power, i.e., N t antennas having the largest sum
of the squared path gains are selected for the downlink MIMO transmission.
III. SPECTRAL EFFICIENCY OF MIMO SPATIAL MULTIPLEXING IN A FREQUENCY-SELECTIVE CHANNEL
A. Spectral efficiency expression
In this paper, we assume a block transmission with CP insertion such as OFDM and SC-FDE. CP is much longer than the maximum time delay. N t signal blocks, of N c symbols each, are transmitted simultaneously from N t selected transmit antennas.
After CP removal, the frequency-domain signal Y m (k) received on the mth MT antenna, m=0~N r −1, in the cell of interest is expressed as 
{X n (k); k=0~N c −1} is the frequency-domain signal representation for the block transmitted from the nth transmit antenna in the cell of interest. {Q m (k); k=0~N c −1} is the frequency-domain CCI from the neighboring cells, expressed as
where { ) ( characterized by independent zero-mean complex-valued random variable having variance 2N 0 /T s with N 0 being the onesided power spectrum density of additive white Gaussian noise (AWGN).
Since Q m (k) is the sum of the independent CCI from many transmit antennas in the neighboring cells, the CCI plus noise can be approximated as a complex-valued Gaussian variable )
, according to the central limit theorem [2] . The variance 2σ
where ( ) The signals received on N r receive antennas can be expressed in the matrix form as
In this paper, we define the spectral efficiency C (bps/Hz/cell) as the channel capacity per cell. Following [9] , C is given as ( )
where the coefficient 1/F in Eq. (9) comes from the fact that the given system bandwidth W is divided into F sub-bands, each consisting of N c /F subcarriers, and one sub-band is allocated to each cell. tr [.] , det(.), and (.)
H denote the trace operation, the determinant, and the Hermitian transpose operation, respectively. (10)
is the autocorrelation matrix of the transmit signal. The optimal Φ(k), which maximizes Eq. (9), depends on whether the transmitter has channel state information (CSI) or not. In Section III-B, we will derive the optimal PA scheme which maximizes the spectral efficiency. 
is a square matrix and can be transformed by the eigenvalue decomposition as ) 
1) Known CSI case
When perfect knowledge of Γ(k) and H(k) is available at the transmitter, the optimal Φ(k) which maximizes the determinant can be found. From Hadamard's inequality [10] , the determinant is maximized when the matrix
where 
where Λ n (k) and ) ( k n Φ are the nth eigenvalue and the transmit power allocated to the nth eigenmode of the kth frequency, respectively.
The maximization problem of Eq. (15) can be converted into a concave optimization problem under the total transmit power constraint [11] for the given Γ(k). Following [11] , the optimal solution is given as (for the sake of brevity, the derivation is omitted) . It can be seen from Eq. (16) that the optimal PA is done based on the water-filling theory across eigenmodes and frequencies. The spectral efficiency is given as
In fact, Γ(k) and ) ( k Φ interact with each other because the PA given as Eq. (16) is done in the neighboring CCI cells also. Therefore, Eq. (17) is not a closed form. In this paper, the optimal Γ(k) and ) ( k Φ are numerically found by using an iterative method as follows.
Step 1. Calculate ) ( k Φ in the cell of interest by setting
=0 for i=1~18 and n=0~N t −1.
Step 2. Calculate Γ(k) and ) ( k Φ in the neighboring cells by using ) ( k Φ in the cell of interest.
Step 3. Calculate Γ(k) and ) ( k Φ in the cell of interest by using ) ( k Φ in the neighboring cells.
Step 4. Repeat the steps 2 and 3 until the normalized difference in Γ(k) from the previous iteration is smaller than 0.01 for all k. The spectral efficiency is obtained by substituting the optimal Γ(k) and ) ( k Φ into Eq. (15).
2) Unknown CSI case
When Γ(k) and H(k) are not available at the transmitter, equal PA (i.e.,
maximizes the spectral efficiency [9] . In this case, Eq. (10) 
The transmission scheme which achieves the spectral efficiency of Eq. (17) is called the eigenbeam-space division multiplexing (E-SDM) and the transmission scheme which achieves the spectral efficiency of Eq. (19) is called SDM. E-SDM achieves higher spectral efficiency than SDM [9] .
C. Suboptimal PA schemes
Although water-filling PA (E-SDM) given as Eq. (17) outperforms equal PA (SDM), it requires the knowledge of ) ( k Φ in the neighboring cells and needs to use the iterative method. Therefore, we propose 2 suboptimal PA schemes which do not need to use the iterative method.
1) Known partial information about CCI
When the transmitter knows which antennas are used in the neighboring cells, the approximated Γ(k), Γ can be obtained by assuming that equal PA is done in the neighboring cells as 
Therefore, the suboptimal PA (in this paper, referred to as "suboptimal PA-1") is given as
2) Unknown information about CCI When the transmitter does not have knowledge of the neighboring cells, another approximated Γ(k), Γ′ can be obtained by assuming that there is no CCI from the neighboring cells (i.e., Γ′ =E s /N 0 ). Therefore, the suboptimal PA (in this paper, referred to as "suboptimal PA-2") is given as
It can be seen from Eq. (21) and Eq. (22) that these suboptimal PA schemes operate independently in each cell. Therefore, there is no need to use the iterative method.
IV. NUMERICAL EVALUATION
As the frequency reuse factor F increases, the CCI can be reduced; however the bandwidth W/F allocated to each cell decreases (i.e., the spectral efficiency C decreases). Therefore, the optimal F which maximizes the spectral efficiency C is discussed below. Assuming the hexagonal cell layout shown in Fig. 2 , the distribution of spectral efficiency is evaluated by Monte Carlo numerical computation method using Eqs. (17) and (19) for the comparison between DAN and CN.
A. Numerical evaluation condition
The cumulative distribution function (CDF) of the spectral efficiency is measured by randomly changing the MT location in each cell. From the CDF curves, the 10%-outage capacity, below which the spectral efficiency falls at a probability of 10%, is obtained. The numerical evaluation condition is summarized in Table I . We assume a frequency-selective block Rayleigh fading channel having a symbol-spaced L=16-path uniform power delay profile (i.e., )
). Each pair of transmit and receive antennas is assumed to experience independent fading. Independent shadowing is assumed between distributed antennas. Fig. 3 shows the downlink 10%-outage capacity of DAN-MIMO spatial multiplexing as a function of the frequency reuse factor F. The normalized total transmit E s /N 0 is set to infinite (i.e., an interference limited environment). For comparison, the downlink 10%-outage capacity of CN-MIMO spatial multiplexing is also plotted. It can be seen from Fig. 3 that DAN achieves significantly higher 10%-outage capacity than CN. This is because, in DAN, distributed antennas near the MT can be chosen and hence, the impact of path loss can be significantly suppressed.
It can also be seen from Fig. 3 that the 10%-outage capacity of DAN has a different trend from that of CN when F is changed. In CN, the 10%-outage capacity is maximized when F=3 or 4 because strong CCI exists when F=1. However, in DAN, the 10%-outage capacity can be maximized when F=1 except for the case of SDM (equal PA) with N t =N r =4. This is because, in DAN, the received SINR can be increased without increasing F. However, when SDM with N t =N r =4 is used in DAN, the same transmit power is allocated to the antennas located far from MT. As a consequence, the received SINR cannot be sufficiently increased and therefore, F has to be increased to reduce the CCI.
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C. Comparison of PA schemes
It can be seen from Fig. 3 that E-SDM (optimal PA) achieves higher 10%-outage capacity than SDM (equal PA). However, the optimal PA scheme requires perfect knowledge of the PA information in the neighboring cells. Next, we compare the PA schemes. Fig. 4 shows the 10%-outage capacity of DAN-MIMO spatial multiplexing with the normalized total transmit E s /N 0 as a parameter for various PA schemes when N t =N r =2. It can be seen from Fig. 4 that the suboptimal PA-1 scheme achieves almost the same 10%-outage capacity as the optimal PA scheme irrespective of the total transmit power. On the other hand, the 10%-outage capacity using the suboptimal PA-2 scheme degrades when the total transmit power is high. This is because the suboptimal PA-2 scheme does not account for CCI, although CCI increases as the total transmit power increases. 
V. CONCLUSION
Assuming block transmission with CP insertion, we theoretically derived an expression for the downlink spectral efficiency of DAN-MIMO spatial multiplexing in a multi-cell environment. We then proposed the optimal and suboptimal PA schemes for DAN-MIMO spatial multiplexing. We evaluated the spectral efficiency distribution by Monte Carlo numerical computation method to show that DAN allows single frequency reuse and achieves higher spectral efficiency compared to CN. It was also shown that one of the suboptimal PA scheme achieves almost the same spectral efficiency as the optimal (water-filling) PA scheme.
